Double fertilization in angiosperms requires the delivery of immotile sperm through pollen tubes, which enter embryo sacs to initiate synergid degeneration and to discharge. This fascinating process, called pollen tube reception, involves extensive communications between pollen tubes and synergids, within which few intracellular regulators involved have been revealed. Here, we report that vacuolar acidification in synergids mediated by AP1G and V-ATPases might be critical for pollen tube reception. Functional loss of AP1G or VHA-A, encoding the γ subunit of adaptor protein 1 or the shared component of two endomembrane V-ATPases, respectively, impaired synergid-controlled pollen tube reception and caused partial female sterility. AP1G works in parallel to the plasma membrane-associated receptor FERONIA in synergids, suggesting that synergid-mediated pollen tube reception requires proper sorting of vacuolar cargos by AP1G. Although AP1G did not mediate the targeting of V-ATPases, AP1G loss of function or the expression of AP1G-RNAi compromised vacuolar acidification mediated by V-ATPases, implying their genetic interaction. We propose that vacuolar acidification might represent a distinct cell-death mechanism specifically adopted by the plant phylum, which is critical for synergid degeneration during pollen tube reception.
D
ouble fertilization in angiosperm is preceded by fine-tuned communication between male and female gametophytes (1, 2) . The female gametophyte (FG), i.e., the embryo sac, is formed inside the ovules and contains an egg cell, a central cell, two synergid cells, and three antipodal cells (3) . Upon landing on a receptive pistil, a pollen grain forms a long cylindrical extension, called a pollen tube, which extends inside female sporophytic tissues. To deliver immotile sperm, pollen tubes perceive attractive signals sent out by the FG, change their growth axis, and finally enter the embryo sacs through the micropyle (1) (2) (3) (4) . A process called "pollen tube reception" instructs the cessation and discharge of the penetrating pollen tube, leading to sperm release and fertilization (1) (2) (3) (4) .
Studies have uncovered key female factors controlling pollen tube reception, including FERONIA (FER) (5-7), LORELEI (LRE) (8, 9) , and early nodulin-like proteins (ENODLs) (10) and NORTIA (NTA) (11) . These synergid receptors likely operate in the same genetic pathway (10) (11) (12) whose functional loss caused the failure of pollen tube discharge and led to reduced female fertility (5) (6) (7) (8) (9) 11) . Male ligands are yet to be identified. However, recent studies showed that the production of reactive oxygen species (ROS) and Ca 2+ spiking are downstream events of FER-controlled pollen tube reception (13) (14) (15) (16) .
Synergid degeneration, a form of programmed cell death (PCD), is a key step during pollen tube reception. Between the two synergid cells, a receptive synergid cell is the one that succeeds in interacting with the pollen tube and induces it to burst and undergoes cell death first. The other synergid cell that continues to persist and then undergoes cell death orchestrated by the fertilized egg cell and the central cell is the persistent synergid (3, 11, 17) . In Arabidopsis, the degeneration of the receptive synergid usually accompanies the discharge of the incoming pollen tube (18) . Synergid degeneration can also be initiated without pollen tube discharge (17) . The degeneration and removal of the persistent synergid are mediated by ethylene signaling and the central cell (19, 20) .
We report here that vacuolar acidification mediated by AP1G and V-ATPases might be critical for synergid-controlled pollen tube reception. AP1 is a tetrameric protein complex regulating protein sorting at the trans-Golgi network/early endosome (TGN/EE), the convergent compartment for anterograde and retrograde trafficking pathways. AP1γ (AP1G) is encoded by AP1G1 and AP1G2. Single mutants of either AP1G1 or AP1G2 did not have a discernible phenotype. However, functional loss of both genes resulted in partial female sterility due to the failure of pollen tube discharge and synergid degeneration. Although AP1G mediates protein sorting at the TGN/EE both to the plasma membrane (PM) and the tonoplast, AP1G loss of function caused mistargeting of tonoplast proteins but not that of FER. In addition, AP1G and FER are genetically independent in controlling pollen tube reception. These results suggested that AP1G functions in synergids through mediating vacuolar trafficking. We further showed that abolishing the activity of V-ATPases compromised vacuolar acidification and caused a similar defect in pollen tube reception. Finally, we demonstrate that AP1G is critical for synergid vacuolar acidification, possibly by mediating the activities of V-ATPases. Our results suggested that vacuolar acidification, contributed by AP1G and V-ATPases, is involved in synergid degeneration and pollen tube reception. Vacuolar acidification-mediated cell degeneration may represent a distinct cell-death mechanism adopted specifically by the plant kingdom.
Results
Functional Loss of AP1G Reduces Fertility. To determine the function of AP1Gs in planta, we analyzed mutants for AP1G1 and AP1G2 (Fig. 1A) . Single mutants showed no discernible phenotype ( Fig. 1 D and E and Fig. S1 ). We thus crossed the null alleles, ap1g1-1 and ap1g2-1, to generate a double knockout line. Plants with the genotype ap1g1-1/ap1g1-1;AP1G2/ap1g2-1 (ap1g1 g2/+) but not those with the genotype AP1G1/ap1g1-1; Significance Double fertilization of angiosperms is preceded by the death of gametophytic cells: Two synergid cells degenerate to create a microenvironment for fertilization, whereas the pollen tube bursts to discharge sperm cells. This process is called pollen tube reception, in which a few synergid surface proteins have been identified, but intracellular activities involved are obscure. We report here that vacuolar acidification, mediated by V-ATPases and adaptor protein 1, might be an important mechanism for synergid degeneration during pollen tube reception. The study provides insights into a cell-death mechanism specifically adopted by the plant phylum.
ap1g2-1/ap1g2-1 (ap1g1/+ g2) were dwarf and bushy (Fig. S1) , possibly due to haplo-insufficiency, because the expression of AP1G1 is higher than that of AP1G2 in most tissues (21) . A significant portion of ap1g1/+ g2 or ap1g1 g2/+ ovules did not grow, compared with that in wild type (WT) or in the single mutants (Fig.  1 C-G) . To determine whether these ovules were unfertilized or defective in embryogenesis, we analyzed these ovules 24 h after pollination (HAP) by confocal laser scanning microscopy (CLSM) and after whole-mount ovule clearing. Almost all wild-type ovules and approximately 75% of ap1g1/+ g2 ovules contained an embryo and peripheral endosperm ( Fig. 1 H and J and Table S1), indicative of fertilization. However, approximately 25% ap1g1/+ g2 ovules contained a central cell and egg cell at 24 HAP (Fig. 1I and Table S1 ), indicative of failed fertilization. The unfertilized ap1g1/+ g2 ovules contained entangled pollen tubes (Fig. 1K ), whereas they ceased growth and discharge contents in WT.
No double homozygous plants were obtained from self-pollinated ap1g1/+ g2 or ap1g1 g2/+ (Table S2 ). Segregation ratios from reciprocal crosses showed that ap1g1 g2 was male gametophytic lethal and partially defective in female gametophytic transmission (Table S2) . Because of the haplo-insufficient phenotype of ap1g1 g2/+ in vegetative tissue development (Fig. S1 ), most of our following studies used ap1g1/+ g2 (hereafter as ap1g/+) to avoid the influence of poor vegetative growth. However, either gene driven by the Pro UBQ10 promoter fully complemented the mutant phenotype (Fig. S1 ), indicating that the two genes are functionally interchangeable.
Impaired Pollen Tube Reception in the FG of ap1g/+. To determine the cause of reduced female transmission of ap1g, we first introduced Pro ES1 :NLS-YFP into WT or ap1g/+ and examined the development of the FG. Because Pro ES1 is active in all cells of the FGs (22) , the nucleus-targeting YFP (NLS-YFP) driven by Pro ES1 should show FGs with seven nuclei. CLSM on unfertilized mature ovules at flower stage 12 indicated that the position of synergid cells and the organization of FG were comparable between WT and ap1g/+ (Fig. S2) , indicating that AP1Gs were not essential for FG development.
Next, we hand-pollinated emasculated wild-type or ap1g/+ pistils with Pro LAT52 :GUS pollen; histochemical GUS staining showed a slight reduction of pollen tube attraction in ap1g/+ pistils ( Fig. 2 A and B and Table S1 ). Aniline blue staining of WT or ap1g/+ pistils at 48 HAP showed that a significant portion (36.3 ± 10.8%) of ap1g/+ ovules were unfertilized (Table S1 ), in contrast to that in WT (Table S1 ). Overgrown pollen tubes were present in unfertilized ovules (85 of 117; Fig. 2E ), indicating impaired pollen tube reception (5-7, 9, 11, 23, 24) . To verify the impaired pollen tube reception, we hand-pollinated emasculated wild-type or ap1g/+ pistils with Pro LAT52 :GFP; Pro HTR10 :HTR10-mRFP pollen, in which sperm nuclei are labeled with mRFP and pollen tubes express cytoplasmic GFP (25) . Pollen tubes discharged their content, that is, cytoplasm and sperm cells (67 of 79; Fig. 2F ) upon arrival in WT. However, 18 of 75 ap1g/+ FGs contained a nondischarging pollen tube (Fig. 2G) . As a result, sperm cells were trapped way back in pollen tubes rather than being released into the FG (Fig. 2G) . These results demonstrated a critical role of AP1G in FG-controlled pollen tube reception.
Pollen Tube Arrival-Induced Synergid Degeneration Is Impaired by AP1G Loss of Function. To determine how AP1G loss of function caused abnormal tube reception, we first used CLSM to examine wild-type and ap1g/+ pistils at 8 HAP or 12 HAP. As reported (18, 26) , the receptive synergid degenerated at 8 HAP, whereas the persistent synergid degenerated at 12 HAP in most wild-type ovules (Fig. 3 A, B, and O) . The appearance of peripheral endosperm also indicated successful fertilization (Fig. 3B) . By contrast, a notable portion of ap1g/+ ovules contained two synergids at 8 HAP or one synergid at 12 HAP (Fig. 3 C, D, and O) . Accordingly, autofluorescence from degenerating synergids as seen in WT at a comparable stage was undetectable and peripheral endosperm was not present in those ap1g/+ ovules (Fig. 3D) . These results supported a role of AP1G in synergid degeneration induced by pollen tube arrival.
To confirm that synergid degeneration was not properly executed upon pollen tube arrival by AP1G loss of function, we expressed NLS-YFP under a synergid-specific promoter Pro DD39 (27) . Synergid nuclei were labeled in both unfertilized wild-type and ap1g/+ ovules ( Fig. 3 E and F) . Pollination with Pro LAT52 :DsRed pollen at 12 HAP led to pollen tube discharge and undetectable NLS-YFP signals in WT (Fig. 3 G and P) , indicative of synergid death. By contrast, ovules from the Pro DD39 :NLS-YFP;ap1g/+ plants contained a nondischarging, overgrowing pollen tube wrapping around two synergid nuclei (17 of 72; Fig. 3 H and P) .
To gain further evidence for the role of AP1Gs in synergid degeneration, we performed transmission electron microscopy (TEM) on mature pistils before pollination or at 8 HAP. In mature wildtype embryo sacs, synergid cells contained a large central vacuole distal to the micropyle, in which few electron-dense materials were present (Fig. 3K) . In embryo sacs with distorted Golgi morphology (Fig. 3J) indicative of the ap1g identity (28), synergid cells also contained a central vacuole distal to the micropyle (Fig. 3L) . However, unlike those in WT (Fig. 3K) , the central vacuoles were filled with electron-dense materials (Fig. 3L) , suggesting defective vacuolar degradation. In addition, numerous small vacuoles were present in addition to the central vacuoles of the presumable ap1g synergids (Fig. 3L ), but not in those of WT (Fig. 3K) . At 8 HAP, pollen tube arrival in wild-type embryo sacs was accompanied with the degeneration of the receptive synergid (Fig. 3M) . At the same time, vacuoles became fragmented with reduced membrane integrity of the persistent synergid (Fig. 3M) , indicating an immediate cell death. Consistent with the results obtained by using fluorescent pollen tubes (Fig. 3P) , nondischarging pollen tubes were observed in the presumable ap1g embryo sacs after pollination (Fig. 3N ) based on the Golgi morphology (Fig. 3J) . No synergid degeneration occurred in these embryo sacs (Fig. 3N) . Fragmented vacuoles filled with electron-dense materials were observed in synergid cells, for which membrane integrity was well preserved (Fig. 3N) , unlike that of WT (Fig. 3M) . These results indicated that functional loss of AP1Gs compromised synergid degeneration upon pollen tube arrival, which is likely crucial for pollen tube discharge (18) .
To determine whether the role of AP1G in synergid degeneration was cell-autonomous, we confirmed their expression in ovules and synergid cells by RNA in situ hybridization and by histochemical GUS staining of their promoter-reporter lines. Both AP1G1 and AP1G2 were expressed in ovules, especially at the micropylar region where synergid cells are located (Fig. S3) .
Mistargeting of Tonoplast Proteins by AP1G Functional Loss. Because AP1G1 was reported to regulate vacuolar trafficking of tonoplast proteins (29), we attempted to examine whether AP1Gs regulated vacuolar trafficking of tonoplast proteins in synergids. To this purpose, we introduced Pro DD39 :GFP-NRT2.7 into WT and ap1g/+. Synergid-specific expression of the tonoplast-associated NRT2.7 (30) would allow us to examine the potential defects on the vacuolar trafficking of tonoplast proteins in ap1g synergids. In unpollinated mature wild-type ovules, GFP-NRT2.7 was localized at the tonoplast of the vacuoles (Fig. 4A) . Upon pollen tube arrival and discharge, GFP-NRT2.7 signals formed as large aggregates in the degenerating synergid (Fig. 4B) . By contrast, GFP-NRT2.7 was not associated with the tonoplast in a substantial portion of ap1g/+ ovules ( Fig. 4A and Fig. S4 ). Because AP1G loss of function did not impair vacuolar biogenesis in synergids (Fig. 3) , this result suggested impaired vacuolar delivery of NRT2.7. Upon pollination, in the ap1g/+ FGs that contained a nondischarging pollen tube, GFP did not show tonoplast association (Fig. 4B) . A previously confirmed AP1G1-cargo, vacuolar ion transporter1 (VIT1) (29) , showed the same pattern of distribution in the synergids of ap1g/+ (Fig. S4) . These results indicated that vacuolar targeting of some tonoplast proteins in synergids was impaired by AP1G loss of function.
To exclude the possibility that defective vacuolar trafficking interfered with cellular homeostasis and, thus, impaired the targeting of PM receptors such as FER, we introduced Pro DD39 : FER-YFP into both WT and ap1g/+. In unpollinated ovules, FER distributed comparably in WT and ap1g/+ (Fig. 4 C and E) . Pollination with Pro LAT52 :DsRed pollen at 12 HAP showed no differences between WT and ap1g/+ in FER distribution (Fig. 4 To provide further evidence that FER pathway was not affected in ap1g/+, we introduced a null mutant of FER, fer-4 (31), into ap1g/+. We were able to obtain fer-4/+ ap1g/+ plants in which both fer-4 and ap1g1 are heterozygous, whereas ap1g2 was homozygous (Fig. S5) . Self-fertilized fer-4/+ ap1g/+ plants produced a significantly reduced seed set compared with either fer-4/+ or ap1g/+ (Table S1 ). In addition, aniline blue staining of the fer-4/+ ap1g/+ pistils at 48 HAP showed that more than 75% of ovules were undeveloped, significantly different from either single mutant ( Fig. S5 and Table S1 ). Tangled pollen tubes were detected in undeveloped ovules (Fig. S5) , indicative of defective pollen tube reception. The reduced seed set and pollen tube reception of fer-4/+ ap1g/+ was a combination of fer-4 (31) and AP1G loss of function ( Fig. S5 and Table S1), strongly suggesting that AP1G and FER act independently in pollen tube reception.
Functional Loss of V-ATPases Phenocopies That of AP1G in Defective
Pollen Tube Reception. Above results suggested that vacuolar trafficking from the TGN/EE was impaired by AP1G loss of function in synergids. Arabidopsis VHA-A is the single gene encoding the catalytic subunit of V-ATPases located at the TGN/EE and the tonoplast (32) . Its mutation caused complete male gametophytic lethality and partial female transmission defect (32) , resembling that of AP1G. In addition, functional loss of V-ATPases and AP1 both resulted in distorted Golgi morphology (28, 32, 33) . We thus hypothesized that V-ATPases might be involved in synergid degeneration during pollen tube reception. To test this hypothesis, we analyzed the FG defects of the heterozygous mutant of VHA-A, vha-A/+ (Fig. S6) . Histochemical GUS staining of vha-A/+ pistils pollinated with the Pro LAT52 :GUS pollen showed a slight reduction of pollen tube attraction in vha-A/+ (Fig. S7 and Table  S1 ). A significant portion of vha-A/+ ovules were unfertilized and contained entangled pollen tubes at 48 HAP (Fig. 5B) . Finally, a notable portion of vha-A/+ embryo sacs (15 of 83) were penetrated by a nondischarging Pro LAT52 :GFP;Pro HTR10 :HTR10-mRFP pollen tube containing unreleased sperm cells (Fig. 5 D and F) , suggesting that V-ATPases are critical for synergid-controlled pollen tube reception.
Because several plant-specific PCD processes are executed by vacuolar processing enzymes (VPE) that are delivered by vacuolar trafficking and mediate vacuolar rupture (34), we thus tested whether it also participated in pollen tube arrival-induced synergid degeneration. To this purpose, we obtained a quadruple mutant of VPEs (atvpe), in which all four Arabidopsis VPE-coding genes were mutated (35) . However, pollination assays and seed set analysis showed that atvpe did not show any abnormalities in pollen tube reception or fertility (Fig. S8) , suggesting that synergid degeneration does not involve VPE-mediated vacuolar rupture. The strikingly similar defects of the vha-A/+ and ap1g/+ mutants in pollen tube reception implied their genetic interaction. Because the sole function of V-ATPases is to regulate vacuolar acidification, we introduced a vacuolar pH probe, Aleu-PR (36), whose intensity negatively correlates with vacuolar acidification. By using the same confocal parameters, we found that Aleu-PR showed faint signals in the synergid vacuoles of WT (Fig. 6A) , indicating strong vacuolar acidity. By contrast, half of the vha-A/+ embryo sacs contained intense Aleu-PR signals (Fig. 6A) , indicating impaired vacuolar acidification. It was the same case for ap1g/+ (Fig. 6A ) in which half of the FG were of the ap1g1 g2 genotype, whereas the other half was of the AP1G1 g2 genotype. To provide further evidence that AP1G loss of function impaired vacuolar acidification, we transformed Pro UBQ10 :AP1G-RNAi;Pro UBQ10 NLS-YFP in Arabidopsis protoplasts stably expressing Aleu-PR. Consistent with the results obtained from synergid vacuoles, vacuoles of the protoplasts expressing AP1G-RNAi;NLS-YFP showed a significantly higher 488 nm/405 nm value (36) than that of WT (Fig. 6H) , indicating compromised vacuolar acidification by the expression of AP1G-RNAi.
VHA-A is a shared component for V-ATPases at the TGN/EE and at the tonoplast, which are specified by the presence of TGN/EE-associated VHA-a1 and tonoplast-associated VHAa2 or VHA-a3, respectively (32) . To determine whether AP1G affected the targeting of V-ATPases, we examined the effect of AP1G-RNAi on the subcellular targeting of VHA-a1 and VHAa3 by using root epidermal cells or protoplasts because synergid signals were difficult to image. As reported (37), VHA-a1 was distributed at cytosolic vesicles (Fig. 6B ) sensitive to BFA (Fig.  5D) , indicative of its TGN/EE identity. Expression of AP1G-RNAi;NLS-YFP did not detectably alter the TGN/EE distribution of VHA-a1 (Fig. 6 C and D) . Similarly, the tonoplastspecific targeting of VHA-a3 was not affected by AP1G-RNAi; NLS-YFP (Fig. 6 F and G) . These results suggested that AP1G was not involved in the subcellular targeting of V-ATPases.
Discussion
We show here that AP1G is crucial for synergid-controlled pollen tube reception. The ap1g/+ FGs were penetrated by nondischarging pollen tubes, a typical feature of defective pollen tube reception. CLSM of ovules at different HAP showed that synergid degeneration was impaired by AP1G loss of function, which is further supported by that fact that nondischarging pollen tubes always correlated with the failure of synergid degeneration. However, synergid degeneration could be initiated without pollen tube discharge (17) , which explains the comparable ratio of ovules with two intact synergids at 8 HAP and one intact synergid at 12 HAP within ap1g/+ pistils. The impaired degeneration of the remaining synergid in ap1g/+ might be a secondary effect due to the failure of pollen tube discharge (23, 24) . Although as a fertilization recovery strategy after defective sperm cell release, nondegenerating synergids keep sending out attractive signals for pollen tubes (26, 38) , no supernumerary pollen tubes were observed in ap1g/+ FGs likely due to reduced pollen tube guidance.
We propose that AP1G mediates synergid degeneration during pollen tube reception through V-ATPases. First, functional loss of V-ATPases resulted in defective pollen tube reception, similar to that of AP1G. Second, ap1g synergids have a vacuolar pH comparable to that of vha-A. Third, genetic interference of AP1G by RNAi impaired vacuolar acidification in mesophyll protoplasts. Because V-ATPases are directly responsible for vacuolar acidification (39), whereas AP1G functions through mediating protein sorting at the TGN/EE to the tonoplast, it is more feasible that V-ATPases are genetically downstream of AP1G.
The next obvious question was how AP1G regulates V-ATPases to mediate vacuolar acidification. A recent study indicated that vacuolar acidification is collectively contributed by the TGN/ EE-associated and the tonoplast-associated V-ATPases (40) . Thus, the effect of VHA-A loss of function could be from the TGN/EE and the vacuoles (39) . Tonoplast targeting of NRT2.7 and VIT1 was disrupted by AP1G functional loss, implying the key role of vacuolar trafficking in pollen tube reception. However, our results showed that the subcellular localization of both VHA-a1 and VHA-a3 was not detectably affected by genetic interference of AP1G. An alternative, which requires further investigation, is that AP1G may affect the activity of V-ATPases by mediating the targeting of some regulatory proteins along the vacuolar trafficking route.
Because of its specific feature compared with metazoan lysosomes, vacuole participates in plant cell death in two ways. One is through vacuolar membrane collapse to release hydrolytic enzymes in the cytosol, whereas the other is through fusion of the tonoplast and the PM (34) . Because the quadruple mutant of VPE, which encode key proteins involved in vacuolar rupture-mediated plant PCD (34, 35) , was comparably with WT during pollen tube reception, vacuolar rupture during pollen tube arrival as detected by TEM and CLSM is more likely an effect rather than the cause of synergid degeneration. Then, how vacuolar acidification may initiate synergid cell death is an intriguing question. Proton homeostasis affects endomembrane trafficking (39) . Thus, defective vacuolar acidification may have compromised vesicular trafficking, leading to impaired cell death of synergids. However, the distribution of FER as the key receptor was not affected, suggesting that post-Golgi secretion was not compromised by defective vacuolar acidification. A more likely scenario is that proton homeostasis affects ROS and Ca 2+ spiking, which have recently been shown to mediate pollen tube reception (13) (14) (15) (16) .
Materials and Methods
Details on materials and methods, including the plant material and chemicals, plasmid construction, confocal imaging, and other analyses and tools used are provided in SI Materials and Methods.
